Abstract: Inthispaper,theecologicalstatusofasectionoftheDanubeRiverflowingthroughSerbiafromBezdantoDjerdapwasevalutated.
Introduction
Macrophytes are important in the biological monitoring of aquatic ecosystems, as changes in the composition of the aquatic vegetation are considered a reliable biological indicator of the quality of water [1] [2] [3] . Seasonal dynamics of macrophyte associations, as well as the distribution according to structure (species number, population density), represent important indicators of general ecological circumstances which are dominant in aquatic ecosystems [4, 5] . Pollution of aquatic ecosystems may also be estimated based on the accumulation rate of nutrients and heavy metals. Many studies had researched the use of macrophytes as indicators of metals bioaccumulation [6] [7] [8] . However, while macrophytes are useful biomonitors, the bioconcentration of metals in macrophytes may be the result of the exposure to metals in both water and/or sediments, making it difficult to directly compare between the concentrations measured in plants and in the environment (i.e., water or sediments).
Chemical, biochemical, and biophysical mechanisms of uptake and accumulation of heavy metals into various aquatics plants and also, the effect of accumulated metals persistent in plant metabolism have been widely studied [9] [10] [11] . Most macrophytes which are primarily submersed and floating, have the ability to tolerate moderately high levels of heavy metal contamination by forming chelates (by binding metal ions to organic molecules) and by subcellular compartmentation. In such aquatic plants, phytochelatines and metalothionines are the main cytoplasmic chelators of heavy metals [12] . In addition, the increased activity of metabolic pathways giving rise to glutathione and organic acids which act as intracellular ligands of metals and organic acids, is important for growth in water and/or sediment contaminated with heavy metals [13] .
While macrophytes accumulate and filter out chemical elements from the surrounding environment, the physical presence of macrophytes in water systems increases the stability of sediment, and, reduces eutrophication. In addition, macrophytes are involved in bioremediation due to their high tolerance to metals and the affect on ion solubility through the release of O 2 from their roots [14] . Consequently, macrophytic vegetation may be used in purification of natural aquatic resources, substratum and littoral zone. Permanent monitoring of chemical composition of water and monitoring of the distribution and abundance of aquatic plant species are useful tools in outlining programs for the sustainable development of aquatic ecosystems.
The Danube, like other river systems, is affected by human activities resulting in contamination of the water and its littoral zone. Pollution stemming from power plants, oil refineries and fertilizer plants can cause contamination of surrounding air and waterways. Consequently, in order to cultivate effected areas of once arable land, one must address not only the contamination of the Danube but also contamination coming from other tributaries.
While commercial use of phytoremediation is a plauisble way to purify contaminated areas, the role of macrophytes in the complex pathways of nutrient and heavy metal cycling, in aquatic ecosystems must first be understood.
Our objective was to determine the ecological status of littoral zone of the Danube River in Serbia, by assessing the heavy metal content of dominant macrophytes. The flow section of the Danube River utilised in this study starts at 1433 river kilometers (rkm) on the state border with Hungary and Croatia and ends at 845 rkm on the state border with Romania and Bulgaria. The results obtained, form the basis of an ecological monitoring system for this aquatic area and highlight the importance of macrophytic vegetation in remediation -removing chemical pollutants from water and sediments in particular.
Experimental Procedures
Concentration of heavy metals (Fe, Mn, Cu and Cd) in water and sediment was determined by flame atomic absorption spectrophotometry [15] .
To determine which macrophytes were dominant at the littoral zone samples were collected by using a random block system in the period of a maximal organic production (July 2006). The same plant species from different sites were collected to facilitate the comparison of results (Table 1) .
Djerdap I hydroelectric power plant is located at 942 nd river kilometer, while Djerdap II hydroelectric power plant is located at 863 rd river kilometer ( Figure 1 ). Differences in water levels on these damns can reach up to 30 meters. Prahovo (35) and Radujevac (36) represent the last two urban sites at the Danube in Serbia,with Prahovo also housing a number of chemical plants. The Mlava mouth (14) , Dubovac (15, 16) , and Ram (17) belong to the Labuduvu Okno Protected area, representing a part of the Deliblato Sands. This protected area has no pollution sources to deplete its aquatic ecosystems. The Smederevo metal smelter (11) and the Kostolac thermal power plant (13) are a serious industrial threat declining water quality of the Danube.
On each sampling location, three patches of each plant species were collected and pooled into one uniformed sample. Only vegetative parts of plants were selected (leaves with stems). Plant material was rinsed in deionised water, dried and prepared for analyses following standard methods for the examination of water and wastewater [16] . The concentrations of heavy metals were determined after drying at 450ºC and treatment with 25% HCl. Concentrations of Fe, Mn, Cu and Cd were determined from prepared solutions by employing the atomic absorption spectrophotometry (AAS).
Statistical analyses was conducted on plant samples using Duncan's Multiple Range Test, at the level of significance P<0.05, using 1-way factor analyses. At each location sediment was collected using a van Veen grab (36 x 28 cm) in three replicates in the vicinity of plants. Water was also sampled in the zone of plant growth, at a depth of 0.5 m, using 0.5 l samplers, in three replicates.
A t-test (one-population) was performed to test the differences between concentrations of metals in water and sediment. All statistical analyses were conducted with computer software Origin 5.0 in order to determine whether the location had an effect on metal concentration. Each metal was analyzed individually. A level of 0.05 alpha was used to determine significance. All data shown in tables are mean values. 
Results and Discussion

Heavy metals in the Danube water and sediment in its section through Serbia
Heavy metals are naturally found in the environment at low concentrations due to the composition of the Earth's crust. However, due to lax regulations of industrial 'outputs' and inadequate environmental monitoring, water systems are now contaminated with heavy metal pollution. Main sources of these pollutants are industrial and urban waste which includes the runoff from agricultural chemicals. The ecological consequence of such contamination is that sediment absorbs the heavy metals and then these metals may enter the food chain.
Due to a lack of legislation in Serbia concerning sediment quality, the quality of the sediment was compared to Holland's recommendations for standard sediment quality (Anon 2000) , in addition to a general directive from the EU [17] . The water quality was compared to Serbian maximum legal concentrations of pollutants as defined in the Book of Rules regarding dangerous substances [18] .
Results showed that waters flowing from the mouth of the Tisza, Sava and Morava rivers, into the Danube significantly increased the chemical load of water and sediment (Tables 2 and 3 ).
The concentration of Cd, Cu, Fe and Mn varied greatly among sample sites (Table 3 ).
An increased concentration of Fe and Cd were observed at the convergence of the Sava River and the Danube (Table 2 ). Similarly at the mouth of the Tisza river, high concentrations of all researched metals was found in the sediment, whilst the increased metal concentration was also noticed at Location 10 which is situated after the Tamiš mouth. Furthermore, a significant increase of the Mn, Cu and Cd concentrations was observed in the Danube sediment following the mouth of the Morava River (Location 12). These results suggest the tributaries flowing into the Danube greatly affect the heavy metal contamination of the Danube. High metal values in the sediment were also noted at Location 15 and 16 (Dubovac) which belong to the Deliblato sands Protected Area in the flooded zone. At Location 26 (Donji Milanovac), the Danube is up to 2 km wide, the water speed is slower than regions upstream and sediment settles down. As a consequences, increased concentrations of Mn, Cu and Cd, in the sediment and water was identified ( Table 2) . At Location 29, there is a great narrow spot of the Danube (Veliki Kazan), and extremely high concentration of Cu was recorded both in the sediment and in the water samples. Before the Djerdap I hydroelectric power plant at Location 31 (Tekije) as well as before the Djerdap II hydroelectric power plant (Location 34, Kusjak) the water is slow, the sediment settles down, which results in high heavy metal contamination. The localities which are situated downstream from the Smederevo smelter and the Kostolac power plant also appear to be chemically loaded.
Heavy metals in macrophytes -indicators of the Danube River in its section through Serbia
In formulating new "ecosystematic" decrees and regulations regarding water quality, countries belonging to the European Union follow chemical and microbiological parameters in addition to novel biological parameters which include the monitoring of living creatures [19] . Increased concentrations of heavy metals in aquatic environments does not lead to visible plant damage as plants have developed specific physiological mechanisms to survive in these polluted conditions [13, 20] . The ability to effectively remove metal ions out of solution and to accumulate high levels of these pollutants in plant tissue are dependent on plant species and metal ions. Some factors involved in the determining such differences include the rate of chelation, ionic exchange, chemical precipitation, translocation of metal ions and precipitation induced by root exudates or by microorganisms [21] . As a result, hyperacumulation of heavy metals can be used alongside other bioindicaters and phytoremediaters as important factor to consider when defining the ecological status of aquatic ecosystems, or using macrophytes for purification of polluted river [22] [23] [24] .
Our results show that purification efficacy, uptake and accumulation rates of studied heavy metals, depended both on plant species and sampling site. Variations of concentration ratio between investigated heavy metals in plant tissue of the same plant species were site dependent.
Heavy metal concentrations in Potamogeton perfoliatus
Potamogeton perfoliatus species was dominant at 16 out of the 36 sites sampled, and was therefore used as a test species for chemical analyses. (0.58%) at Location 28 (Malo Golubinje) ( Table 4 ). The observed concentrations of Fe (found at levels of >1%) were significantly lower than results from a previous study undertaken on the same species at similar locations along the Danube River [25] . The distibution of Fe in P. perfoliatus varied along the Danube River, with Table 3 . Statistical analysis of the dependence of metals content on the location.
higher levels of accumulation observed in the section around Vinča (Location 10), Kostolac (Location 13), Dobra (Location 23) and Malo Golubinje (Location 28).
Although there was no significant corelation between Fe concentrations in the water and sediment compared with Fe concentrations in the plant tissue, it can be noted that with the increase of Fe in the surroundings, the levels accumulating in plant tissue was greater (Tables 3 and 5) . The highest Mn concentration in the tissue of P. perfoliatus was recorded at Location 16 (Dubovac -left shore). This increase of Mn concentration, is most likely due to an inflow of industrial waste water from the nearby smelter, as well as contaminated waters flowing from the Sava, the Morava and the Mlava Rivers. Comparisions between the Mn concentration in P. pectinatus and the Mn concentration in water and sediment were statistically significant, indicating the relevance of P. perfoliatus as a bioindicator for heavy metal contamination.
The results shown in Table 4 demonstrate that the highest concentration of Cu was recorded was at Location 28 (Malo Golubinje, 19.11µg·g -1 ). At this sample site, large amounts of waste water loaded with heavy metals is discarded from the thermal power plant. P. perfoliatus species also had higher amounts of Cu in region 23 -Dobra (18,97µg·g -1 ) and region 24 -the Djerdap National Park (19,0 µg/g), when compared to the other locations. The presence of Cd was discovered in the tissue of P. perfoliatus at all sample sites. 
Heavy metal concentrations in
Potamogeton pectinatus
The aquatic species, P. pectinatus, was dominant at 13 sample sites. The highest Fe concentration of nearly 1% (9895 μg • g -1 ) was recorded in the Djerdap National Park region (Table 5) .
The Mn content in the tissue of P. pectinatus was on average higher when compared to P. perfoliatus and P. lucens. However, a significant correlation beetwen the concentrations of Mn in water and plant tissue for P. perfoliatus (r xy = 0.765), for P. pectinatus (r xy = 0.672) and for P. lucens (r xy = 0.665) was obtained. Also it can be noted that the coefficient of linear correlation between water Mn concentration and sediment Mn concentration in these localities was positive although not statistically significant (r xy = 0.195). The highest registered values of Mn was 3929 μg • g -1 at Location 16 (Dubovac -left shore). These data support already noted data for P. perfoliatus indicating that the level of Mn contamination of the water and littoral zone in the Kostolac thermal power plant region is high (Table 4) . Chemically loaded waste waters of the Kostolac thermal power plant could theorectically introduce significant amounts of Mn to the river system. It can also be concluded that the distribution of Cu and Mn in plants per localities was similar for all three species. The Cu concentration in P. perfoliatus ranged from 8.11 μg • g -1 , at Location 34 (Kusjak), to 23.33 μg • g -1 , at Location 24 (the Djerdap National Park). The presence of Cd was also detected in P. pectinatus samples from all researched locations, which clearly implies chemical pollution of the water, the littoral zone and the bottom. The highest concentration of this heavy metal of 1.93 μg • g -1 was registered at the Golubac fortress (Location 21).
Heavy metal concentrations in Potamogeton lucens
Surprisingly, our results showed that the content of Fe in the dry matter of P. lucens varied significantly between sample sites, ranging from 793 μg • g -1 to 7405 μg • g -1 dry matter. The highest concentration of this microelement was observed in the plant tissue from Location 18 at the mouth of the DTD channel (Table 6 ).
All three examined species of the Potamogeton genus, had extremely high accumulation of Fe in the section of the lower flow of the Danube around the Djerdap National Park, the mouth of the DTD channel and Smederevo. The highest concentration of Fe was recorded in the P. pectinatus tissue. This kind of distibution of Fe in the tissue of the examined species, positive corelated with the load of the water and the sediment containing this heavy metal.
According to our results, the distribution of the Cu and Mn contents in the P. perfoliatus and P. lucens plant tissues were very similar. High accumulation of Cu in both species was at Location 28 (Malo Golubinje), and Mn at Location 16 (Dubovac -left shore).
The presence of Cd was detected in P. lucens plant tissue at all researched localities. Following the distibution of Cd in P. lucens, a distinctive load of the water and the sediment around the Golubac Fortress section (Location 21-2.61 μg•g -1 ) and Kladovo (Location 32 -2.11 μg • g -1 ) was observed. Based on the content of the examined heavy metals in Potamogeton spp., the chemical composition of aquatic plants is a reliable indicator of the heavy metal pollution of the aquatic ecosystems supporting researched conducted by Mikryakova [26] . The metal content in plants, water and sediment clearly indicated which areas of the Danube are ecologically endangered.
Heavy metal concentrations in Ceratophyllum demersum
Ceratophyllum demersum is a well known hyperaccumulator and consequently plays a large role in the monitoring aquatic ecosystems [7] . In our research, C. demersum was only found at three localities, where the Danube flows slowly ( Table 7) . Heavy metal concentrations greater than 1% were recorded at Location 7 (the mouth of the Tisza River) which indicates that the Tisza River is under obvious chemical pressure from industrial waters, as well as runoff from surrounding agricultural areas. The highest concentrations of other researched heavy metals were also registered at this site. Furthermore, the Cd uptake of C. demersum plants at the mouth of the Tisza River was extremely high, 9.17 μg • g -1 .
Heavy metal concentrations in Rorippa amphibia
The heavy metal content in helophytes is also used in biomonitoring as an indicator of chemical contamination of aquatic ecosystems. These plants function as a filter for toxic substances and aid the natural purification of waste waters from agricultural, urban and industrial areas [27, 28] . The high accumulation of nutrients and heavy metals in aerial parts is not characteristic in these 
Conclusions
In aquatic ecosystems, water and sediment quality may vary depending anthropogenic origin as well as natural parameters including various biogeochemical processes. Results obtained from our study showed that the rivers which flow into the Danube from its entering point in Serbia (the Tisza, the Sava, the Morava, and the Tamiš) significantly influence the chemical load of water and sediment. Where the Sava River converges with the Danube, increased concentrations of Fe and Cd were recorded. At the mouth of the Tisza River, higher concentrations of all researched metals were registered in the sediment, while the increased metal concentration was also noticed at the site situated after the Tamiš mouth. The sample sites situated downstream from the smelter and the power plant were also chemically loaded.
Macrophytes are biological filters that purify water bodies and littoral zones by accumulating dissolved metals and toxins. These aquatic plants are useful indicators when monitoring of ecological status of ecosystems. Consequently, this study aimed at understanding the importance of macrophytes in bioindication and bioremediation of toxic metals and controlling the heavy metal pollution -thereby suggesting the remedial measures for the preservation and restoration of Danube river ecosystem. Our results show that purification efficacy, uptake and accumulation rates of studied heavy metals, depended both on plant species and sampling site.
All three examined species of the Potamogeton genus, had extremely high accumulation of Fe in the section of the lower flow of the Danube around the Djerdap National Park, the mouth of the DTD channel and the metal smelter. The highest concentration of Fe was noted in the P. pectinatus. The distribution of Fe in tissues of the examined species positively reflected the degree contamination in the water and sediment.
The increase in Mn concentrations in the plants may be the result of the industrial waste waters inflow from the smelter, as well as the inflows from other rivers. A statistically significant correlation between Mn concentration in P. pectinatus tissue and Mn concentration in water and sediment was observed which confirms the role of this plant as an indicator of the environmental chemical load. It can also be concluded that the distribution of Cu and Mn in plants at specific locations was similar for all three species of Potamogeton. The correlation coefficient of Mn site distribution between P. perfoliatus and P. lucens was highly significant (r xy = 0.906). Also, significant correlations of Mn distributions were recorded between P. pectinatus and P. lucens (r xy = 0.783) and between P. pectinatus and P. perfoliatus (r xy = 0.921). Significant correlations of Cu distributions were recorded between P. perfoliatus and P. lucens (r xy = 0.737) and between P. pectinatus and P. perfoliatus (r xy = 0.715).
Based on the heavy metals concentrations in Potamogeton spp., it can be concluded that the chemical composition of macrophytes is a reliable indicator of the heavy metal pollution of the aquatic ecosystems. Furthermore, these macrophytes may potentially be useful in purifying natural aquatic resources as part of program for sustainable development of aquatic ecosystems. 
